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SUMMARY  OF  RESULTS 


A  major  research  effort  previously  supported  by  the  Army  Research  Office 
at  the  Colorado  School  of  Mines  had  led  to  the  identification  of  the 
microstructural  features  associated  with  the  fracture  surface  morphologies  of 
hardened  medium  and  high  carbon  steels.  The  findings  were  based  on  impact  and 
fracture  toughness  testing  with  CVN  and  compact  tension  specimens.  The  work 
related  carbide  structures  produced  during  the  austenitizing,  quenching  and 
tempering  stages  of  heat  treatment  to  various  fracture  morphologies  and  levels 
of  toughness. 

The  present  contract  was  dedicated  to  extending  the  fracture  studies  to 
fatigue  of  hardened  steels  and  to  evaluating  the  effects  of  tempered 
martensite-austenite  composite  microstructures  on  the  plastic  flow  and  strain 
hardening  of  medium  and  carbon  steels. 

Table  I  lists  the  personnel  associated  with  the  present  ARO  contract  and 
Table  II  lists  the  theses  and  papers  which  have  been  prepared  as  a  result  of 
the  research  efforts  of  the  personnel  involved  in  the  ARO  program.  The 
following  paragraphs  summarize  the  results  of  the  various  component 
investigations  of  the  program. 
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Personnel  Associated  with  the  Research  of 
ARO  Contract  DAAG29-84-K-0127 


Name 


Position 


J.  Bruce  Kelley 
Kenneth  P .  Hayes 
Mark  A.  Zaccone 
Craig  Van  Thyne 
Gu  Baozhu 

J.M.B.  Losz 
George  Krauss 


M.S.  Candidate 

M.S.  Candidate 

M.S.  Candidate 

M.S.  Candidate 

Visiting  Scientist 

Beijing  Aeronotical  Institute 

Postdoctoral  Associate 

Principal  Investigator 


Kelley  (2,6)  performed  four-point  bending  fatigue  studies  of  a  series  of 
0.8C  steels  with  varying  amounts  of  chromium.  The  various  amounts  of  chromium 
in  the  alloys  were  designed  to  change  austenite-carbide  boundaries  during 
austenitizing,  but  the  major  effect  of  increasing  chromium  content  was  to 
lower  Mg  and  increase  the  amount  of  retained  austenite  in  the  tempered 
martensite-austenite  microstructures  of  heat  treated  specimens.  Reheating 
treatments  produced  dispersions  of  retained  carbide  particles,  similar  to 
those  studied  by  Brown  (10)  and  Hayes  (1),  and  resulted  in  finer 
martensite-austenite  structures.  The  fatigue  tests  showed  that  improved  low 
cycle  fatigue  life  directly  correlated  with  increasing  amounts  of  retained 
austenite  and  microstructural  refinement. 


Zaccone  (3,13)  examined  the  plastic  deformation  and  strain  hardening  of 
the  same  steels  tested  by  Kelley  in  an  effort  to  understand  the  role  retained 
austenite  plays  in  the  tempered  martensite-austenite  composite 
microstructures.  He  examined  the  plastic  response  in  both  the  microstrain  and 
macrostrain  regimes  by  compression  testing.  Strain  gages  were  used  to  follow 
the  microstrain  deformation  behavior.  Three  stages  of  deformation  behavior 
were  found.  The  first  stage  was  directly  dependent  on  the  amount  and 
morphology  of  the  retained  austenite,  with  the  specimens  with  the  most 
retained  austenite  having  the  lowest  elastic  limits.  The  second  stage  was 
independent  of  the  amount  of  retained  austenite,  while  the  third  stage,  marked 
by  a  decrease  in  the  rate  of  decrease  in  strain  hardening  rates,  was  again 
dependent  on  austenite  content.  The  specimens  with  the  highest  austenite 
content  had  the  highest  strain  hardening  rates,  behavior  which  was  shown  to  be 
a  result  of  strain- induced  transformation  of  austenite  to  martensite.  It  is 
high  strain  hardening  rates  associated  with  microstructures  with  high  retained 
austenite  contents  which  explain  the  results  of  Kelley's  fatigue  testing. 
Instability  and  crack  initiation  at  embrittled  austenite  grain  boundaries  is 
delayed  in  specimens  with  high  retained  austenite  content.  Examination  of 
plastic  zones  at  points  of  fatigue  crack  initiation  confirm  that  substantial 
strain  induced  transformation  of  retained  austenite  is  associated  with  fatigue 
crack  development. 

The  morphology  and  fine  structure  of  tempered  martensites  in  medium  and 
high  carbon  steel  (5,7-0)  were  further  characterized.  In  particular,  the  very 
fine  transition  carbide  distributions,  dislocation  substructures,  and  retained 
austenite  contents  (11,12)  of  a  series  of  medium  carbon  41XX  steels  containing 
0.3,  0.4,  and  0.5  pet  carbon  were  evaluated  by  transmission  electron 
microscopy  and  related  to  deformation  and  fracture  behavior.  The  flow 
stresses  of  tempered  martensite  in  steels  containing  10.3  to  0.5  pet  carbon 
was  linearly  dependent  on  carbon  content.  Austenite  grain  size,  martensite 
lath  size  and  martensite  packet  size  were  constant.  However,  the  density  of 
transition  carbides  increased,  and  spacing  of  the  carbides  decreased,  and 
retained  austenite  increased  with  increasing  carbon  content.  Strain  hardening 
and  flow  stresses  in  the  microstrain  regime  were  dependent  on  retained 
austenite  and  stress  controlled  transformation  of  the  austenite  to 
martensite.  At  higher  strains,  the  substructure  of  the  tempered  martensite 
controlled  deformation,  with  the  higher  carbon  structures  exhibiting  higher 
strain  hardening  rates  consistent  with  the  finer  spacings  of  the  transition 
carbides  in  these  structures. 

The  study  (4)  on  the  boron- containing  carburizing  steels  is  still  in 
progress.  The  work  is  being  done  in  cooperation  with  the  ASME  Gear  Research 
Institute.  Gears  have  been  fabricated  and  heat  treated  and  single  teeth  have 
been  subjected  to  low  cycle  bending  fatigue.  The  boron  containing  steels 
showed  low  cycle  fatigue  resistance  intermediate  to  that  of  carburized  8627 
and  4820  geer  teeth.  All  steels  failed  by  intergranular  fatigue  crack 
initiation,  apparently  in  association  with  oxides  produced  during  gas 
carburizing. 

The  details  of  the  various  investigations  performed  in  the  ARO  program 
are  or  will  be  given  in  the  theses  and  papers  listed  in  Table  II. 
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List  of  Publications  Based  on  Research  Supported  by 
ARO  Contract  DAAG29-  84-K-0127 
July  1984  through  February  1987 


Kenneth  P.  Hayes:  "The  Effect  of  Intercritical  Heating  and 
Phosphorus  on  Austenite  Formation  and  Carbide  Distribution  of  AISI 
52100  Steel",  M.S.  Thesis  No.  T-2971,  Colorado  School  of  Mines, 
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